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Abstract 
Sustainability is a consideration of resource utilization without depletion or adverse environmental impact.  In manufacturing, important 
sustainability issues include energy consumption, waste generation, water usage and the environmental impact of the manufactured part in 
service.  This paper deals with three aspects of sustainability as it applies to additive manufacturing.  First is a review of the research needs for 
energy and sustainability as applied to additive manufacturing based on the 2009 Roadmap for Additive Manufacturing Workshop.  The second 
part is an energy assessment for selective laser sintering (SLS) of polymers.  Using polyamide powder in a 3D Systems Vanguard HiQ 
Sinterstation, energy loss during a build was measured due to the chamber heaters, the roller mechanism, the piston elevators and the laser.  
This accounted for 95% of the total energy consumption. An overall energy assessment was accomplished using eco-indicators.  The last topic 
is electrochemical deposition of porous SLS non-polymeric preforms.  The goal is to reduce energy consumption in SLS of non-polymeric 
materials.  The approach was to mix a transient binder with the material, to create an SLS green part, to convert the binder, and then to remove 
the open, connected porosity and to densify the part by chemical deposition at room temperature within the pore network. The model system 
was silicon carbide powder mixed with a phenolic transient binder coupled with electrolytic deposition of nickel.  Deposition was facilitated by 
inserting a conductive graphite cathode in the part center to draw the positive nickel ions through the interconnected porous network and to 
deposit them on the pore walls. The Roadmap for Additive Manufacturing Workshop was sponsored by the National Science Foundation under 
Grant CMMI-0906212 and by the Office of Naval Research under Grant N00014-09-1-0558. The electrolytic deposition research was 
sponsored by the National Science Foundation, Grant CMMI-0926316.   
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1. Introduction 
Sustainability centers on global conditions of ecology (i.e. environment), economic development (i.e., by technologies), and 
societal equity. Engineering processes generally occupy the economic development portion of the spectrum. With respect to a 
manufacturing process, the driving factors of economic development include material, energy consumption, use of 
environmentally damaging process enablers (e.g., cutting fluids and lubricants) and water consumption [1]. 
In general, Additive Manufacturing (AM) processes [2] possess good environmental characteristics [3]. By utilizing only the 
amount of material needed for the product, additive manufacturing technologies have the potential to reduce the life cycle 
material mass and energy consumed relative to conventional subtractive techniques by eliminating scrap, while also eliminating 
the use of harmful ancillary process enablers. Certain AM techniques also have the capability to completely eliminate supply 
chain operations associated with the production of new tooling by their capability to enable repair and remanufacturing of 
obsolete or failed tooling [4].  
A variety of industrial sectors have found remanufacturing of existing products, in lieu of original production, a successful 
approach to simultaneously reduce costs, increase productivity, and reduce environmental impacts. AM technologies have made 
it possible to eliminate environmentally polluting process enablers in the tooling industry and to repair and remanufacture 
valuable tools and dies [5]. 
 
 
* Corresponding author. Tel.: +1 (512) 471-3170; fax: +1 (512) 471-7681. 
E-mail address: dbourell@mail.utexas.edu;  
c⃝ 2010 Published by Elsevier B.V.
Physics Procedia 5 (2010) 81–90
www.elsevier.com/locate/procedia
1875-3892 c⃝ 2010 Published by Elsevier B.V.
doi:10.1016/j.phpro.2010.08.124
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Author name / Physics Procedia 00 (2010) 000–000 
Many CNC machined parts are produced from billet. In some cases the billet volume can be significantly greater than the part 
to be produced. Within the aerospace sector this is the so-called buy-to-fly ratio. Since AM processes only use the raw material 
required to consolidate the final part, and in some cases a small amount of support structure, they are highly material resource 
efficient reducing the buy-to-fly ratio significantly [5].  
In terms of carbon footprint reduction, there are five primary environmental and sustainability benefits to the adoption of 
additive manufacturing [5].  
1. Reduced amount of raw material required in the supply chain. Hence, reduced need to mine and process primary 
material ores.  
2. Reduced need for energy intensive and wasteful manufacturing processes such as casting or processes such as 
CNC machining which require cutting fluids.  
3. Ability to design more efficient products with better operational performance such as hydraulic components with 
conformal fluid paths. 
4. Reduction in weight of transport-related products that contribute to carbon footprint improvement in service on the 
vehicle into which they are integrated. 
5. Parts could be manufactured closer to the point of consumption.  
This paper is split into three sections that address various aspects of sustainability in additive manufacturing.  The first section 
is a review of the findings of the 2009 Roapmap for Additive Manufacturing Workshop dealing with energy and sustainability.  
Research needs and opportunities in the area of sustainable additive manufacturing are discussed.  The second portion of the 
paper details an energy assessment of a 3D Systems Vanguard HiQ sinterstation.  Energy usage by system component is 
provided, and the results are discussed by means of comparison with other laser sintering/melting systems.  The final section 
outlines an approach for creation of structural parts from metals and ceramics using electrolytic deposition methods.  Here, a 
porous “green” part is manufactured using Selective Laser Sintering (SLS).  After optional low-temperature post-processing to 
convert or remove the binder, the continuous internal porosity is removed by electrochemically depositing (or plating) a metallic 
phase in an electrolytic solution.  Since the process per se does not require elevated temperature, energy savings can be 
considerable. 
2. Energy and Sustainability Research Needs and Opportunities 
The Roadmap for Additive Manufacturing (RAM) Workshop was held March 30-31, 2009 at the National Science Foundation 
Headquarters in the Greater Washington D.C. area.  Sixty five invited participants discussed topics related to additive 
manufacturing (AM) and defined areas for future research emphasis.  The topical breakout area of sustainability was chaired by 
Dr. Hong-Chao Zhang from Texas Tech University.  Participating in the sustainability effort were Bert Bras (Georgia Institute of 
Technology), I.S. Jawahir (University of Kentucky), Frank Liou (Missouri University of Science and Technology), Rhett Mayor 
(Georgia Institute of Technology), Jyoti Mazumder (University of Michigan-Ann Arbor), John Kawola (ZCorp), Greg Morris 
(Morris Technologies) and Phil Reeves (Econolyst Ltd.).  The chapter from the final workshop report, “Energy and 
Sustainability”, is summarized here.  The full text version of the 92-page Roadmap Report [6] is available from the editor (DB) 
and also is on-line at www.wohlersassociates.com/roadmap2009.html.   
Additive manufacturing processes as compared to traditional manufacturing processes (casting, machining, molding) offer the 
potential to positively impact sustainability.  Materials usage is optimal; in many cases AM scrap rate is negligible.  The energy 
footprint of AM can be low, particularly for processes which do not involve lengthy processing at elevated temperature.  There is 
no requirement in AM for ancillary, sustainability-impacting cutting fluids, casting release compounds or forging lubricants.  
Some AM processes, particularly those based on metallic powder deposition methods (i.e., LENS, LAMP, DMD, etc.) are 
particularly well suited for automated part repair.  A large amount of energy is saved when a part is repaired or refurbished and 
placed back in service rather than being replaced and disposed.  The entire production chain of tooling is eliminated.  Since AM 
manufacturing tends to be regional and delocalized, there is a reduction in transportation which impacts carbon emissions and 
overall energy consumption.  Finally, the design freedom of AM allows parts to be produced with superior energy consumption 
in service.  Examples include incorporation of conformal cooling channels, gas flow paths, streamlined geometry, lightweight 
cellular parts, etc. 
To date, pervasive life cycle analysis of AM processes is extremely limited.  Complete sustainability assessment must include 
not only the energy consumed and products consumed in the manufacturing of AM parts.  It must also include sustainability of 
feedstock manufacture, supply chain energy costs, product usage impacts and end-of-life considerations such as disposal and 
recycling.  Some AM processes rely on support structures to maintain geometry during part creation.  The environmental impact 
of support scrap has not yet been considered.   
Research opportunities in sustainability applied to AM processes are broad and varied.  Product design and development, 
particularly in energy and aerospace industries, can result in increased penetration of AM products into commercial markets.  
Taking advantage of AM capabilities in creation of parts with optimum sustainability factors will have a positive effect on the 
performance “gate to grave” part of the life cycle.  Redesigning multiple components into a single AM part can facilitate 
recycling and disposal, particularly for metals and plastics.  Exploration of AM feedstock generation from other manufacturing 
process waste streams is a promising area of research.  This might include for example use of machined chips either directly or 
after modest processing.  Materials for AM need to be developed that are intrinsically environmentally friendly.  They need to be 
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biodegradable and non-eco-toxic.  General sustainability considerations need to be applied to AM processes.  These include 
“cradle to gate” and “cradle to grave” life cyle analyses and development of green supply chains. 
Another area for research deals with the development of tools for predicting and assessing sustainability in AM products.  A 
life cycle value engineering model would be helpful.  Incorporation of sustainability into design methodologies for AM is 
desirable with concomitant development of design rules and standards.  Equitable indicators for measuring sustainability 
quantitatively in AM parts are needed.  It would be valuable to apply AM parts in areas where models have been developed that 
compare the energy consumption and environmental performance of AM parts relative to traditional manufactured goods. 
3.  SLS Energy Consumption 
The goal of this project was to perform an energy inventory for Selective Laser Sintering (SLS), an AM process.  Power 
consumption was measured for various energy-consuming SLS components.  These were compared to other processes and 
discussed. 
3.1. Experimental Setup 
The AM machine used in the research was an SLS VanguardTM HiQ+HS machine manufactured by 3D Systems Corporation, 
Rock Hill, South Carolina. The material used for the experiments was commercially available DuraForm® PA (Nylon-12). Two 
“full chamber build” prosthetic parts were built in this experiment. The machine was operated with the following parameters: the 
laser scan speed was 10 m/s; the powder layer thickness was 0.15 mm; the laser power was 50 W. The warm up height was 12.7 
mm; the build height was 340 mm; the cool down height was 2.5 mm.  All four heater zones were initially set at 100o C.  The 
part heater had a build zone temperature of 186o C, and the right feed heater and left feed heater were set to 142o C. The part 
cylinder heater zone had the lowest build zone temperature of 138o C. The cool down zone temperature of both the feed heaters 
was 45o C, whereas the part heaters had a temperature of 60o C.  
Three single phase clamp-on ammeters were used to measure the currents flowing across the input electrical connections to 
the three-phase ac machine. A LabVIEW circuit was designed to acquire the power data over lengths of time from the start to the 
end of the build. A NI-DAQ USB 6251 device was used as the DAQ (Data Acquisition) interface to gather the data. The 
sampling frequency was set in such a way that data were collected every two minutes from the start to the end of the build. This 
enabled acquisition of enough data to observe the trends in power consumption during the various stages of the process. The 
same method was also used to measure the power consumption of individual subsystems.  
3.2. Results 
The total power input to the machine was calculated across the three phases of the connection. The results are shown in 
Figure 1. The average values of current flowing across the three phases were measured to be 51 A, 47.99 A and 45.6 A. The 
system line voltage VL was 235 V. Therefore, the power, P of the system can be calculated as follows [7]  
P = (VL/¥3) * ( I1+I2+I3)     (1) 
where I1, I2 and I3 are the currents flowing in each measured phase. The power was calculated to be 19.6 kW. However this is the 
average power value obtained during the entire build. The original power values were found to vary from 12 kW to 24 kW as 
shown in Figure 1. These fluctuations were attributed to individual components of the system that switch on and off at various 
stages during the build process. 
The power drawn by various sinterstation components was also measured and computed. The heater system which was used 
for heating the powder bed was the largest accumulator of electricity draw, followed by the stepper motor system which controls 
the piston motion of the powder bed, then the roller system which spreads the powder across the bed, and finally the laser system. 
The difference between the total power consumption and the power acquired by these four individual components was attributed 
as unaccounted losses which included the computer interface, the blower system, etc. The approximate values of power 
consumed by the individual components are given in Figure 2. 
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Fig. 1. Power consumption (Watts) of SLS VanguardTM HiQ over the entire build  
 
Fig. 2. Power drawn by individual components 
3.3. Discussion 
Sustainability Analysis 
Measures of environmental impact for certain materials, energy, etc. are needed to perform a sustainability analysis to 
determine the total energy factor. Environmental and Resource Management Data (ERMD) define what the environment actually 
is and how to quantify the consequences of impairment of the environment. In this study, the ERMD data, Eco-indicator 95, 
collected and calculated by PRe Consultants of Netherlands [8] were used. The higher the indicator, the greater is the 
environmental impact. The eco-indicator for a certain material or a process can be obtained as follows. First, inventory of all 
environmental effects and damages are made. Then a normalization is applied to obtain some equivalent effects. Finally 
weighting factors are used to scale the effects.  
Luo, et al. [3] devised a process model to compare the total energy factors of several SFF processes. The ERMD data, the 
Eco-indicator 95, was employed to provide quantitative measures for the total energy consumed during the process.  
For the analysis, the following process parameters were used: V, scanning speed (mm/s); W, road width size (mm); T, layer 
thickness (mm); ȡ, material density (kg/mm3); P, power rate (kW); and k, process overhead coefficient (0.6-0.9). 
The Process Productivity (PP) and the Energy Consumption Rate (ECR) may be determined according to the principle of 
layered fabrication as  
PP (kgh) = V x W x T x ȡ x 3600 x k     (2) 
and 
ECR (kWhr/kg) = Power rate/ Process Productivity    (3) 
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Fig. 3.  Principle of eco-indicator [8] 
SLS Total Energy Indicator 
The total energy indicator was obtained by the product of ECR and Eco-Indicator for electricity which is 0.57 [8]. The specific 
gravity of Nylon-12 was taken to be 1.04. 
Table 1 shows the total energy indicator of SLS VanguardTM HiQ.   The overhead factor was taken as 0.6 [3] 
Table 1 Sustainability Analysis of SLS VanguardTM HiQ 
Parameters  SLS VanguardTM  HiQ  
V (mm/s) 10000 
W 0.4 
T 0.15 
Specific gravity 1.04 
K 0.6 
P (kW) 19.6 
Process productivity(kg/hr) 1.35 
Energy consumed rate (kWhr/kg) 14.5 
Eco-indicator (/kWhr) 0.57 
 




The Total Energy Indicator value for the SLS VanguardTM HiQ sinterstation with Nylon-12 was calculated to be 
approximately 8 which compared competitively with that of Stereo Lithography SLA®5000 and Fused Deposition Modeling 
FDM-8000 which were 12 and 13, respectively.  
Power Consumption of SLS and Comparison with other SLS Processes 
Heating, which normally is considered a power intensive process, is accomplished by four heater systems in an SLS 
VanguardTM HiQ +HS machine. The power consumed by the heater zones accounted for a significant portion of the total power 
consumed by the machine. The high power consumption of the stepper motor system was attributed to the reciprocating action in 
lifting heavy loads of powder on the feed cylinders.  
Research at Loughborough University has been undertaken to study energy consumption patterns for an EOSINT P390 
polymer laser sintering machine and direct laser melting machine MTT SLM 250 [9]. Results suggest that there is a stark 
difference between the total power consumption of an EOSINT P390 and a VanGuard TM HiQ+HS machine. The EOSINT P 390 
drew only 3 kW. This difference is likely due to much better thermal insulation and more efficient laser system in place. The 
MTT SLM 250 was found to consume even less power (approximately 600 W). The laser type and absence of heater systems 
may contribute to this remarkable decrease in power consumption.  It is noted that metallic parts currently are built much more 
slowly than polymeric parts, perhaps by a factor as large as five. 
4.  Electrolytic Deposition of Metals to Densify SLS Parts 
Powder metallurgy and melt infiltration are the most common techniques for producing metallic matrix composites (MMCs).  
A common feature of these techniques is high processing temperature which is a major cause for high production costs, poor 
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mechanical properties and high sustainability penalty. One of the major advantages of electrochemical infiltration is the lower 
processing temperature, normally room temperature, which helps to avoid undesirable chemical and structural changes. In 
electrochemical deposition, the pore network in SLSed preform is filled with an electrolytic liquid, and deposition of a solid 
phase is initiated internally. In this modified electrochemical infiltration process metal ions diffuse into the porous network of the 
brown preform where they combine with a counter electron flow resulting in metallic deposition within the pore network [11-13]. 
Silicon carbide is an engineering ceramic for which the indirect SLS process has a great potential [14]. Selective laser sintering 
coupled with electrochemical infiltration offers a cost-effective and rapid manufacturing mechanism for metal-SiC composites.  
Xu, et al. [15,16] showed that the deposition distribution along the depth of the pore depends on the polarization factor ȟ as the 
ratio of interfacial reaction rate to the diffusion rate of nickel inside the porous network. The polarization factor is a 
dimensionless parameter that depends of several critical parameters such as bulk concentration of Ni2+ ions, diffusion coefficient 
of Ni+2 ions, overpotential and exchange current density. Hence the major factor to be taken into account is the reduction of rate 
of deposition on the pore surface and higher diffusion rates inside the interconnected porous network. This can be achieved by 
controlling the polarization factor and inhibiting the deposition on the pore surface by using additives such as sodium 
allylsulfonate or coumarin. To increase the rate of diffusion of ions inside the porous network, external pressure may be applied 
to the electrolyte to force it through the preform. The pressure drop and the remaining porosity can be measured using Darcy’s 
law. 
4.1.  Experimental 
Electrochemical deposition techniques were modified to carry our room temperature infiltration. To prove the feasibility of the 
process, two different kinds of infiltration process were carried out: electroless infiltration and electrolytic infiltration. In 
preparation for these experiments, 25mm cubic samples were made using selective laser sintering. For the initial experiments, 
nickel and silicon carbide were chosen as the research material system. 180 grit size commercially available silicon carbide (SiC) 
powder was mixed with phenolic binder in the ratio 10:1 by weight. The powder mixture was milled in a ball mill for 6-8 hours 
at moderate speed to ensure uniform mixing. The mixed batch of powder was then sifted to eliminate large sized particles. Prior 
to that, Differential Scanning Calorimetry (DSC) was carried out on neat phenolic powder to estimate its melting and curing 
temperatures as shown in Fig. 4. An endothermic melt peak is located at about 80˚C, and the cross linking exotherm appears at 
about 170˚C.  The sifted powder was then loaded into the feed bins of a DTM-2000 sinterstation and process was carried out 
using the following parameters: part bed temperature 115˚C; laser power 20W; outline laser power 4W; and the slice thickness 
75μm. Nitrogen process gas was used to maintain the inert atmosphere inside the machine chamber. Green parts were obtained 
by SLS and were burnt out in a high-temperature furnace at 180˚C/hr to 200˚C, then at 30˚C/hr to 500˚C and then at 300˚C/hr to 
800˚C for brown part generation, then to 1400˚C at 250˚C/hr and finally to 1650˚C at 500˚C/hr. After this, the furnace was 
slowly cooled down and the final brown part was obtained. Porosity measurements of the brown parts were made using a 
pychnometer, the results of which are tabulated in Table 2. EDS maps were obtained using a JEOL-JSM 5610 SEM equipped 
with an Oxford Instruments EDS system. 
 
 
Fig. 4. Differential scanning calorimetry of phenolic binder used in this research 
Table 2 Pychnometer Porosity Measurements of Silicon Carbide SLS Brown Parts 
Mass (g) Apparent Volume 
(cc) 
Pychnometer Volume (cc) Apparent density 
(g/cc) 
Porosity (%) 
37.07 25.87 12.27 1.43 52.57 
35.95 25.56 12.32 1.41 51.68 
32.85 23.79 11.63 1.38 51.11 
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Sample Preparation:  The following steps were performed to prepare the sample for electrochemical infiltration. Firstly, the 
cubic SiC preform was cleaned in acetone for 15 minutes and then washed with distilled water. The preform was sensitized in 1L 
aqueous solution containing 10 grams of SnCl2 and 40 ml of HCl, for 15 minutes and then again washed with distilled water. The 
preform was activated by dipping it for 30 minutes in 1L aqueous solution 0.5 grams PdCl2 and 30 ml HCl. The preform was 
washed and rinsed thoroughly for 10-15 minutes with distilled water [17,18].  
Electroless Infiltration: The prepared sample was lowered into a bath containing 45 grams of nickel chloride (source), 8 grams 
of sodium hypophosphite (reducing agent), 100 grams sodium citrate (complexing agent) and 50 grams ammonium chloride 
(buffering agent) in 1L of distilled water at pH 9 and temperature of 80ºC. The bath was placed over a hot plate and was stirred 
using a magnetic stirrer. The process was carried out for 90 minutes [17]. 
Electrolytic Infiltration: The process was carried out by attaching a cathode terminal of the electrode to the sample and 
lowering it in a bath containing 225 grams nickel sulphate, 37.5 grams nickel chloride and 30 grams boric acid in 1L distilled 
water at pH 3.5. Bath temperature was maintained at 48ºC. The voltage applied between the electrodes was 2.5 V [6]. 
Modified Electrolytic Infiltration: The electrical conductivity of silicon carbide is very low, so a sufficient electronic charge 
concentration was not achieved uniformly throughout the sample. This inhibited the oxidation of metal ions to form a metallic 
deposit. To overcome this, preforms used as the cathode were modified by inserting a conductive graphite electrode at the center 
of the silicon carbide preform in two configurations as shown in Fig. 5. The advantage of this modified process is that conductive 
graphite will attract most of the metal ions through the pores. After the surface of these graphite electrodes are completely 
saturated with the nickel metal deposits, and the reaction is still continued, the nickel metal will start depositing outwards on the 
pores and in this way a high part density can be achieved. After carrying out the infiltration experiments, the parts were kept 
inside a convection oven at 150ºC to dry them for SEM analysis and to remove trapped fluids and gases. 
 
              
                                                                 a                                b 
Fig. 5. Modified electrolytic infiltration. (a) cylindrical graphite cathode (b) rectangular plate graphite cathode, all inside 25 mm cubic SLS preforms 
4.2. Results 
The experiments were carried out for both electroless and electrolytic infiltration. EDS maps were collected at a fractured 
cross section near the middle of each 25 mm SiC infiltrated cube. The maps, Fig. 6, show the distribution of silicon, carbon and 
nickel.   
Fig. 7 shows the SEM images of the preform at a fractured cross-section, for the modified electrolytic infiltration using the 
rectangular plate cathode, Fig. 5b. Table 3 lists the weight percentage of nickel deposited in the pores inside the preform for each 
of the infiltration methods described above. 
Table 3 Weight percentage of nickel obtained after carrying out each infiltration process 
Electrochemical Infiltration Process 
Average % Nickel (by weight) 
Electroless Infiltration 6.4 
Electrolytic Infiltration 3.8 
Modified Electrolytic Infiltration 1 9.8 
Modified Electrolytic Infiltration 2 18.6 
4.3. Discussion 
The results show that it is possible to infiltrate porous preforms with metal ions using electrochemical techniques by 
overcoming the surface deposition barrier. The results provide a motivation to carry out other high diffusion rate processes to 
completely fill the pores and obtain high density functional parts. The EDS maps (Fig. 6) show that significant amounts of nickel 
were seen in the preforms without any external diffusion. If an external diffusive force were applied, then higher concentrations 
of nickel would be seen to occupy the pores. One issue is the removal of undesirable trapped gases and fluids from the bath 
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which may occupy a large portion of the porous network. It can be seen from Fig. 7 SEM images that modified electrolytic 
infiltration has been quite effective in depositing the metals in the pores of the SLSed silicon carbide preform. Table 3 shows that 
modifying the process of electrochemical plating by inserting a conducting electrode at the center of the SiC preform leads to an 
increase in the percentage of nickel deposited in the pores. Higher concentrations of nickel should be achieved by reducing the 
current density and applying external diffusion. The target composition of nickel to achieve a 100% dense part is around 65-70% 
by weight. It can be seen from Table 3 that the weight percentage of nickel obtained in the preform after infiltration is better 
when the inserted electrode is rectangular rather than cylindrical (ref., Fig. 5). This is because the rectangular electrode provided 
a larger surface area for the ions to be deposited, especially on one side of the electrode which was parallel and facing the anode. 
The rate of deposition was faster on this side compared to the other side. As a result, more nickel was deposited on the walls of 
the pores. 
Electroless Infiltration 
   
       
Electrolytic Infiltration 
   
                  
Modified Electrolytic Infiltration (Fig. 5a, cylindrical electrode insert) 
   
         
Modified Electrolytic Infiltration (Fig. 5b, rectangular electrode insert) 
   
                         
                                       Silicon                                               Carbon                                             Nickel 
Fig. 6.  EDS maps showing relative distribution of silicon, carbon and nickel after infiltration 
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Hence, orientation of the two electrodes does matter in case of electrochemical deposition which can be easily resolved by 
using two anodes on either side of the cathodic preform. 
One of the major challenges faced in the current situation relates to the depletion of desired ions into the small pores where the 
solution is not assumed to be well-stirred. Initial experiments were carried out to demonstrate and observe the feasibility of the 
concept. While the results show incomplete closure of the void network, they are nonetheless encouraging since a significant 
amount of nickel was deposited deep inside the porous network. It is anticipated that external diffusion techniques may well 
force the electrolyte in and out of the porous preform to improve the extent of deposition. 
     
a                                                                                           b 
Fig. 7. SEM images showing the fractured cross section (a) before (b) after nickel infiltration.  The SLS SiC part was infiltrated electrolytically using a 
rectangular plate electrode (Fig. 5b) 
5. Conclusions 
Sustainability issues have become significant in consideration of manufacturing process selection and utilization.  This is valid 
for additive manufacturing (AM) processes, although relatively few AM processes have been directly analyzed for energy and 
environmental impact.  The need for research in this area was identified in the recent Roadmap for Additive Manufacturing 
Workshop [6]. 
An energy assessment for a 3D Systems Vanguard HiQ+HS Selective Laser Sintering (SLS) AM fabricator revealed an 
operating power of approximately 20 kW, large compared to an EOS SLS and MTT SLM fabricator.  Almost 40% of the energy 
was consumed by powder feed and partbed heaters.  One quarter of the energy was consumed by feed and build piston stepper 
motors, with 16% consumed by the laser system.  Energy consumption may be reduced by better thermal management or 
elimination of the need to heat the powder. Use of high-efficiency lasers is another way to produce significant energy savings. 
The associated eco-indicator for SLS was 8.3 which was comparable to other AM processes.   
Infiltration of SLS silicon carbide preforms with nickel led to encouraging results. The initial stages show that the 
electrochemical infiltration of SLS preforms with metals is highly feasible and has the potential to produce fully dense parts 
without any undesirable changes. Future work includes exploring other deposition techniques. Ionic diffusion affects the 
infiltration process to a great extent, so methods having enhanced diffusion rates such as pressurized diffusion of electrolyte into 
the preform need to be assessed. Other techniques include electrophoretic infiltration in which the charged ions move relative to 
the electrolyte, through the porous network under the action of an applied field. Electroosmotic methods may also be assessed 
where the electrolyte moves with respect to the stationary charged surface. Another important issue is identification of a method 
for driving the trapped gases and electrolyte out of the porous structure. Infiltration of freeform fabricated parts is a densification 
method shown to maintain dimensional stability of the part to a high degree and to enable freeform creation of functional parts. 
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